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Introduction
Since lead is a toxic element whose maximum acceptable concentration was set by the World Health Organization to 10 μg L −1 , there is an increasing interest for novel, simple and reliable protocols and sensors for its determination. Among a variety of spectroscopic methods suitable for measuring trace concentrations of lead, electrochemical methods distinguish themselves for their high sensitivity and selectivity, low cost, applicability in colored, turbid as well as in high salinity water samples; moreover they are particularly suitable for on-site and decentralized analyses [1] .
Concerning electrode materials, mercury has been widely used for stripping detection of trace heavy metal ions in general and for lead [2] , in particular. However, due to the well-known toxicity of mercury, several alternative materials have been examined such as gold, silver, iridium, alloys, amalgams and various forms of carbon [3] [4] [5] . However, none of the above mentioned materials approached the attractive electroanalytical behavior of mercury, particularly with respect to its wide operational potential window and high overpotential for hydrogen evolution reaction. At the beginning of 2000, bismuth film electrodes (BiFEs) were introduced as an efficient replacement for mercury counterparts [6] . Bismuth electrode exhibits a cathodic part of the operational potential window very similar to that of mercury, with even superior performance in the presence of dissolved oxygen. Due to its non-toxic character and excellent electroanalytical performance, bismuth electrodes have been exploited for various electroanalytical applications [7] [8] [9] [10] .
On the other hand, it is worth stressing that recent investigations [11] [12] [13] [14] [15] [16] demonstrated that the electroanalytical performance of solid electrodes can be significantly improved by controlled nanostructuration of their surfaces in order to obtain the so called nanoelectrode arrays and ensembles (NEEs) [17, 18] . The latter, firstly proposed by Menon and Martin [19] , are random arrays of nanodisc electrodes, each with a diameter in the tens nm range, obtained typically by template deposition in track-etched microporous membranes [20] . Recently, we showed that the favorable electroanalytical performance of gold NEEs can be exploited for improving the anodic stripping voltammetric measurement of toxic elements, such as arsenic, at trace concentration levels [21] . However, on the surface of gold NEEs, the hydrogen evolution occurs at rather less negative potentials, thus narrowing the accessible potential window and precluding the detection of metal ions with re-oxidation potentials in the vicinity of hydrogen evolution [11] .
Here, we combined the advantages of NEEs with those of bismuth film electrodes through modification of NEEs with bismuth films (Bi-NEE) prepared either via in-situ or ex-situ deposition protocol. These nanostructured bismuth modified electrodes were applied for the anodic stripping voltammetry of trace lead and their characteristics compared with those of bare gold NEEs and conventional Au-electrodes modified with bismuth film. , 30 nm nominal pore diameter, coated with polyvinylpyrrolidone) were used as templates to prepare nanoelectrode ensembles (NEEs), using an electroless plating protocol and assembled using a previously described procedure [19] and following modifications [20, 22, 23] . The so-called Au-macro was an Au-disk electrode embedded in Teflon. The overall geometric area of the NEE (determined by the hole in the outer insulating film [19, 20] ) and of the Au-macro is 0.07 cm ) were from Merck, and diluted as required with 0.01 M HCl.
Apparatus
All electrochemical measurements were carried out at room temperature (22°C) using a three electrodes single compartment electrochemical cell equipped with a platinum wire as the counter electrode and Ag/AgCl (KCl saturated) as the reference electrode. A CHI440 electrochemical workstation controlled via PC was used for all anodic stripping voltammetric (ASV) measurements.
Procedures
ASV measurements were performed with both in-situ and ex-situ prepared Bi-NEEs in the absence of dissolved oxygen. For the in-situ protocol, the three electrodes were immersed into a 10 mL electro- 
Results and discussion
After a set of preliminary experiments corroborating the successful deposition of Bi-films onto NEEs, we investigated the effect of Bi deposition on the AS-SWV detection of Pb with NEEs. These tests showed that, even if the reverse component of the SWV is almost flat, there is still an advantage in using SWV instead of linear sweep voltammetry, thanks to the capability of the former to lower the background current, even with NEEs [24] . A frequency of 25 Hz gave a sufficiently high peak current, resolved well enough from the Bi stripping peak. Fig. 1A shows that in the absence of Bi(III), the hydrogen evolution reaction results in a large increase of the background current at potential values more negative than − 0.6 V. On the other hand, in the presence of Bi(III), the hydrogen evolution was shifted significantly towards more negative potential values, thus considerably widening the potential window accessible with NEEs. In the anodic region, a sharp oxidation peak is observed at − 0.09 V that proves the extensive deposition of bismuth during the accumulation step [6] . This characteristic is similar to that observed under the same experimental conditions at the Au-macro electrode (not shown) with the main difference being the bismuth stripping peak, which was roughly one order of magnitude higher, as a consequence of a significantly larger surface of the Au-macro electrode. After these preliminary measurements, we examined several operational parameters affecting the performance of Bi-NEEs. The study was focused on the use of acidic media, in order to prevent the formation of insoluble metal hydroxides [25] . Different media such as nitric, perchloric, hydrochloric acid and acetate buffer solution (pH 4.5) were investigated. HCl solution provided the highest Pb stripping peak current and best reproducibility. Additional experiments performed in HCl in the concentration range of 0.001-0.1 M indicated that 0.01 M HCl exhibited the most favorable compromise between the acidity required for metal ion analysis and the interference caused by the hydrogen evolution reaction.
Because of their small active area, the surface of NEEs can be relatively quickly saturated, therefore the optimization of bismuth concentration in the measurement solution was of crucial importance. The highest stripping signal was observed with 0.1 mg L −1 bismuth that is a bismuth concentration from one to two orders of magnitude lower than the concentration used in combination with classical glassy carbon electrodes [6] ; this observation matches with the hypothesis of the saturation effect. The optimization of the accumulation potential in the range from − 1.3 to − 0.8 V indicated that the optimal analytical response is recorded at − 1.1 V, whereas at more negative potentials, the attenuation of the stripping signals could be observed as a consequence of the hydrogen evolution reaction.
To provide more information on the electroanalytical performance of the Bi-NEEs, the in-situ and ex-situ Bi-film preparation protocols were compared. As shown in Fig. 2A , whereas repetitive measurements yielded a relative standard deviation of 7.10% (30 μg L −1 , n=8). Fig. 2B depicts the ASVs (and corresponding calibration plot) for the ex-situ prepared Bi-NEE. This configuration unveiled electrochemical stripping characteristics similar to those of its in-situ counterpart, particularly concerning the stripping peak potential of Pb(II) and the hydrogen evolution overpotential. However, the electroanalytical performance of the ex-situ prepared Bi-NEE was markedly improved (R 2 = 0.999), in the concentration range 1-8 μg L −1 with a 180 s accumulation step. The calculated detection limit (3σ) was 0.03 μg L −1 , which is 4-times lower than the best limit previously achieved with Bi-film carbon electrodes [26] . A detailed analysis of the ASV revealed an interesting difference between the stripping patterns of the in-situ and ex-situ electrode configurations. For the ex-situ prepared Bi-NEE, the stripping peak potentials were shifted towards less negative potential values with increasing Pb(II) concentration; on the contrary, when employing the in-situ prepared configuration, the peak shifted towards more negative potentials when Pb(II) concentration was consecutively increased. This phenomenon can be explained with recently presented theoretical model suggesting different electrode mechanisms during the anodic stripping process, i.e. attractive forces between the deposited metal particles result in a positive shift of the stripping signal, whereas the opposite trend being observed in the case of repulsive forces [27] . The application of this model to the NEEs suggests that for the in-situ prepared Bi-NEE, i.e. when Bi and Pb are deposited together, repulsive forces are operative, while attractive forces rule the behavior of the ex-situ prepared Bi-NEE, i.e. when Pb is deposited over Bi.
Conclusion
We demonstrated that bismuth films can be readily deposited on the surface of gold NEEs, thus beneficially exploiting the inherent characteristics of NEEs and favorable stripping performance of bismuth film electrode. This modification allows sensitive detection of trace Pb(II) in combination with relatively short accumulation times. Preliminary studies based on the comparison between the in-situ and the ex-situ preparation of the Bi-NEEs indicated that the latter approach yielded improved electroanalytical performances. The observed shifts of the stripping peaks associated with increasing the concentration of the analyte agree with a theoretical model taking into account the role of interaction forces between the deposited metals.
